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N ~ B  ON !rsm FOB~ATION OF GLAZED FROST.' 

By T. OKADA. 
[Dated, Central Meteorological Observatory, Tokyo, Apr. 4,1913.1 

1. Introduction.- The glazed frost is a traitsparcn t 
smooth coating of ice covering trees, or buildings, or 
the ground, and is usually caused by rain which freezes 
as it touches these objectv and thus coveis them with n 
coating of transparent ice. The formation of this rare 
phenomenon has been studied by several scientists. 
Among others, Dr. Meinardus (1) investignted thor- 
oughly the ice storm that occurred over middle and east- 
ern Germany on October 20, 1S98, and st,ated the three 
conditions necessary for the production of the glazed 
frost, i. e.: 

(1) In the upper air there must be a stratum of warm 
air having the temperature above 0' C. 

(2) Thm warm layer should be laden with moisture, 
and must have the vertically upward component of mo- 
tion so that condensation of vapor takes place in it. 

(3) Below this warm layer there must be another laFer 
of the temperature below 0' C. 

Dr. Meinardus thinks that raindrops from the up11or 
layer of warm air become undercooled as they fall through 
the cold air below it. M. Angot (2) states that the glazed 
frost is caused by raindrops ~iiitlercoolecl during thcir 
falling through the air and touching the ol>.jects, both 
having the temperature below the freezing point. 

The undercooled raindrops mill freeze iiibo solicl b:i 11s 
of transparent ice when there a.re some turbultmt iiio- 
tions in the layers of cold air through which they frill. 
As is well known, these frozen raindrops nre soiiiot,imcxs 
called "ice rain " and are quit,e different from graulwln 
or soft hails. Hence, we must add the fourth condition 
to the three separate ones already stated, tlint the rain- 
drops from the upper warmer air should fall t.lirougli the 
layery of comparatively calm air. Recently Dr. G. Hell- 
mann (3) has given an instance of ice rain which WBS 
formed by the melted snowflakes falling t~lir~iiigli t.he 
warm layer of air and becoming undercooled in pssi!ik: 
through the cold layer below. The question t.lien I N  (11- 
rally ariSes that how the rainclrops becnme 1 l l l l ~ ~ ~ ~ ~ ' l ~ J I ~ l l ~ ~ ~  

when they fall through the cold air. 
Before entering into this inquiry we sli:ill describs n 

few instancw of lazed frosts that have occurred in 
this country and s P iall extinine the motcorcilo~~,.lc'nl ccm- 
ditions that then pre~-.ziled. 

On the early moriiina of Janiiary S, 1.902. :L reniarbnhlc 
glazed frost occurrec~ a t  Tokyo niitl ti1 t,lie ncigliboriag 
districts. The branches ant1 1cm-e~ of trccs niicl ill1 os- 
posed objects were co~-ered 1vit.h tr ;msi~:ir~it  ice of n 
thickness of about 5 to 10 niillinieters. Tile ground w1.s 
also covered with a cont.ing of ice to considernLle clnng,:rr 
to pedestrians. The teni~~erature i i f  sir reniaineil 1 ilc- 
gree below the freezing point, hilt t1i;i.t of t,lie surface! of 
ground was a little nhove it. The winds blew from t.lic 
northwest, the force being motlernte. Rniii fell :Am 
2 a. m. of the day. At about -4 a. 111. it  turned into sleet. 
We have no observations froai the upper air a t  Tokyo. 
But fortunately we have hourly meteorological obseii-ti- 
tions taken on the summit of Mount Tsukuhti (Si0 meters 
h' h) a t  a distance of G5 kilometeis to thc nort,lieast of T%y. From these observations we know thitt a t  the! 
heig t of 870 meters above sen lorel the strong winds 
from the southwest were blowing and rain wn.3 fnlling 
slightly. The temperature of air was above the freezing 

2. Glazed .frost occ:urr~d nt Tok,yt) (vi. w i y  S, 1.902. - 

I Rspinlcd from Journal, Met. SO~. of Japan, May, 1914,336 year, Xo. 5, pp. 15-24. 
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point and was about 3 or more degrees higher than 
that a t  Tokyo. Hence, we may assumo, in all robabil- 
ity, that warm winds from the southwest were aLo blow- 
ing in the upper level a t  Tokyo, and rain was falling from 
this warmer air. We give below estracts of the observa- 
tions made a t  Tokyo and on Mount Tsukuba. 
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3. G'lil.;d .frost occicrred a.t Asnh.i.guwu on, iiurch 7, 
1914. -Mr. J. Yamada, director of the nieteorological 
observntoiy, hahigawa in Hokknitlo, writes me tu fol- 
lows : 

On the night of the 6th instant snow began to fall aud continued till 
lh 4-P cm tlie morning of the 7th, aud then it turner1 into rain, which 
~x~ntiniied till sh 5 F  on t.he afternoon of the sanie dny. We also expe- 
ricliio?il x h z c n  rainfall. The teinperat.ure of the air fell below tile 
fweziiil;' poilit. siiive 10 p. lii. of the 6th and ranged from -&So to - 2 . p  
iiuiin;; h e  rainy hours. 

Glnzcrl frost began to appear a t  G a. m. on tlie 7t.h, and became fully 
tIevclqJm1 a t  about 11 n. ni. Thence its fnrniatim remained station- 
u y .  making no further propess, owing to a slight rise of air ternpera- 
t , i:w. At 5 p. ni. t.he t.eniperati.ire began to fall, but t.he coat.ing of ice 
did iirlt, increase in thickness. since rain ceased to fall. 

Ii1 torder tu qive an idea of the thicklies of ice on the branchea of 
trws w e  give t.he Following result of m y  mensuremenb niarle at, 11 a. m. 
Un the 7t.h. On a twig of a tree niensiiring 3 niillimeter3 in diameter 
the thickness of ice deposited was 2 ta 2.2 centimeters on the iipper 
siJe, nntl 1.3 centimeters on tlie lower sideof it. The thicknessof ire 
LIII :'I t.c.lephmie wire haviiig t.he diameter of 2.5 millimeters is 1.2 renti- 
meters on it.s upper side and 0.5 cent,imeter on its lower side. The 
roofs and walls of this observatory were covered with the coating of 
transparent ice having a thickness of O.G centimeter. 

During the formation of the glazed frost. strong winds froin t.he north 
continiied t,o blow, the inaxiniiriii speed being 7.9 n1.p.s. In conse- 
quence the glazed frost developed most. conspicuously on the north 
sides of builclings and other substances. But on t,he bran~:hes of 
t.recb.s and telephone wires the ice grew niostly on t.lieir upper sides, so 
that the sections of t,he ice roatiug were ellipses, escentric with t.hem. 
\VP also observed many icicles hanging from t,hc branches from trees. 
The dianiet,ers of these icicles range from 0.4 to 0.7 centimeter and 
(heir length from 3 t,o 5 centimeters. Owing to the heavy deposit of 
ia.e, teleplioiie and telegraph wires in t,his town were broken in many 
I J I w ~ H .  Many electric poles were prdra ted .  Elcrl.ric ronimiinica- 
t i ; m  in this town were suspended for the whole day. Branches of 
trees were broken down, and the t,runks of 1arrhc.s aiid poplws were 
Iwit down owing to the overloading of the ice coat.ing. 
On the afternoon of the Sth the weather cleared up, and the sun 

silane upoii the transparent coating of ice. Itremained unmelted till 
the eveniiig of the 10th. 

4. Fomtiion qf glnzed-frost..--As vie have e. lained in 
the h t  paragraph the point to be axplained in Yl t e theory 
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of the formation of glazed frost is how raindrops become 
undercooled in passing through a layer of cold air. They 
may be cooled by conduction and evaporation as it is 
tacitly assumed in the current theory. Mr. E. Gold (4) 
calculated the rate of cooling of a drop 2 mm. in dianictcr 
and found that the rate is a degree for every meter of fall 
if the temperature of air is 3' C. below that of the drop, 
neglecting the effect of evnporation. F'roni this we see 
that with an air temperature below -2' C. the drop 
would l ~ s e  sufficient heat in fltlliiiv through 100 1n. tu 
turn it into ice. But .zs oiir colboague dnes not give 
the method and data of his calculation we can not a p p 1 ~  
his result directly to  the cases under consideration. S ), 
let us newly estimate tho rate of cooling of a rain drop 
taking both conduction and evaporation into account. 

Let the difference of ternperitture of the drop and air 
be e, the latter having the uniform temperatme. Let 
the radius of the drop be r, then we have 

(1 1 -44x rzEedt -4~tap ldt=  + 3 x P c p d S  

where E is the coefficient of esternal conductivity, q the 
rate of evaporation (per cm.a of the surface), c the specific 
heat, p the density of the drop, and 1 the latent heat of 
vaporization. 

We have 

4 

(Ee + pz)at = - Trae, 

3 dB 1 (E(Er9) 
c,nr EO + pl E @TI?@' 

--&=-----=- 

Integrating we get 
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Let the initial temperature of the drop be O,, the origin 
of the temperature scale being tho temperature of the 
external air. Then 

(7 e, = R- -E 
therefore 

Of the rate of evaporation of raindrops we are yiiite 
i norant. In  the annual meeting of the Austrinn 
fieteorological Ssciety for 1896 Dr. m7. Traliert (5)  
rend n pa er on this subject, but his paper seenis to  have 
been pubished neither in the organ of the society i i rw 
in other scientific journals. 

In  order to get an idea of the magnitude of evaporation 
we have observed the loss of weight of a water drop 
which was placed on a thin cover glass coated with nrsffin 

in which the humidity and temperature were kept nearly 
constant. 

wax. The glass with the drop \vas placed in a c I; amber 

We give below the result of our measurements: 
~ 

I 
11 h. 19m.a. ' 1.40 mm. 
2 00 p. 1.12 mm. 
3 28 p. I 3.7mg. 0.96 mm. 
4 00 p. I 2 . 9 ~ .  0. SS mm. 

Since the rate of evaporation of the water dro is pro- 
portional to its surface, the radius of" the drop a ecremes 

t i t  n constant rate with time. In  our measurements this 
rate is 0.002 nim. per minute or 0.000033 mm. per second. 
Hence we have 

p = 3.3 ;< x 1 3  mni. per second. 
During the ex minients the deficiency of saturation 

w1.s 3 111111. ntid tliere w\rns nn sensible motion of air. 
Now let LIS catiinnte the tern erature of raindrops 

which c;iused tlie reiiinrknhle gr3zed frost. a t  Tokyo. 
Sssiime tlint the Iieight of the :iir stratum from which 
the ruin fell a t  Tokyo in thilt case was ahout 870 meters 
and the temperntiire of it  w.ns 2°C. Since the temperature 
of tiir near thesarfnc.oof the ground a t  Tokyo was - 1.2OC. 
it  is not iniprol)aldo to assunie that the mean temperature 
of cold ttir stratum which stretched above the city up to 
870 mm. [S70 niet.ers?] was - 1.5'C. at that t h e .  

Again let us nssurue that the diameter of the raindro 
was 2 ruin., and the speed of falling is 6 meters per seconb: 
Then the time of fslling is S70/6 = 145 seconds. 

Tile rate of evaporatinn of water is roportional to the 

siderntion we hare asslimed thnt the rel?tive humidity 
is 90 per cent nnd the teinperiiture of alp is -1.5OC., 
therefore tlie deficiency of saturation is only 0.4 mm. 

Hence the rate of tho water drop will be q X (D). But 
the rate of evaporation increases pro ortimally t~ the 

water drop fell with tlie velocity of 6 meters per second. 
In the case of the esperiments on the evaporation of 
water d r o p  there wm no sensillle motion of air, but we 
niay assume that the speed 0.1 meter per second or less. 

Hence the rate of tlie evaporation of the raindrop will 

of air in the cham ll )et- in which the water drop was placed 

deficiency of saturation of air. In t i e  P case under con- 

0.4 

square root of the mind velocity. In  t \ e actual case the 

= 1.1 x 10-~nUn./sec. 
We tnlre therefore 

t = 145 sec. T = 0.1 cm. 
q= 1.1 x 10-O min. p. sec. 1=600 gram-calories 
p = l  E =  2.66 x 10-4 
c = l  eo =2  + 1.5 =3.50c. 

9 Before calculating the final temperature of the fallin 
drop let LIS first find the time a t  which tho difference o 
the temperatures of the drop and surrounding air becomes 
zero. This difference changes sign at that moment, and 
then we must change the meaning and value of E. 

Let t' be the required time then we have 0 = 0 a t  t = t'. 
Hence we get 

o =  ( e,+E ""> e -34, Tg 
From this we have 

NOW 
eo+ Pl E =  3.5+ 1.1 X 10- X --=3.5+2.5=60 GOO 

3.66 x' lo4 

(3) 



Hence 
I' = 125.3 X (1.79 - 0.92) = 125.3 x 0.87 = 109 seconds. 
In finding the final tem erature of the rain drop we 

introduce a new quantity g ins tead  of E and put 19, equal 
to zero in the equation giving the value of 8. Then we 
get 

in which we shall put 145-109=36 for t". In actual 
calculation we put E equals to E' in absolute values, 
since we have, for the present, no a,dequate value for E'. 

Then we have 

-2.5 X (1 - 1.33) = - 2.5 X 0.33 = -0.S"C. 

This is of course the sanie result which we obtain by 

Hence the final temperature of the drop will be 

From the above cnlculntinn \\-e see that in the case 
under consideration the conduction and evaporation of 
rain dro 3 falling thi-ough ice-cold layers of the atmos- 

the freezing point, and to cmse them to cover the objects 
with the coating of ice when they come to touch these 
objects. In  some cases in which the air is too moist the 
drops of rain cool to  the dew point of the air after they 
fall a few meters from their niother clouds, and con- 
densation begins instead of evaporation on their sur- 
faces. Hence the formation of glazed frost is not probable 
in such cases. 

In  conclusion I express my sincere thanks to Drs. IC. 
Nakamura and S. Fujiwhara of the Centrnl Meteorological 
Observatory for their kind suggestions in the preparation 
of this note, and also to Mr. J. Tamadn of the nietero- 
logical observatory, Asahignwn for his kindness in sending 
me the report of the remnrlcable gl.7zed frost given in 
the test. 

putting t -  145 in equation (3). 

-0.S- 1.5= -2.3" C. 

phere WI .p 1 be sufficient to cool them many degrees below 
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HAZE OF MAY 13 TO MAY 17, 1914. 

From the 13th tb the 17th of May, in that portion of 
the United States estentling froni Virginia north to Maine 
and west to South Dakota, nunierous obsen-eis re1mrt.d 
the presence of haze which, on investigation, proves to 
have been principallv of 11 reclr1i.h brown tint, apparently 
due to the dissemifiation of dust from forest fires. I t  
does not seem to have been due to any specid distant vol- 
canic eru tion as imagined by some. At Mount, Weather, 

Prof. H. H. ICimball a t  that place reports that he f ink 
nothing of special nieteorolopal character that can be 
spoken of as important. -[G. A.] 

Va., the g aze WAS very dense on and after May 19, but 

& !FEE= REGIONS O* TEE GLOBE.' 

By A. J. HERBERTSON, M. A., Ph. D., Profeasor of Geography, Oxford 
Univemity. 

I n  the paper on the thermal regions of the world, of 
which I propose to present an abstract, there.are a number 
of sections about which I shall say not,liing or nest to 
nothing-e. g., the history of isotheimial inam and the 
dewliption of the diflerent thermal regions. The renson 
for bringing the subject before this [Research] Department 
is to discuss the difFerent methods in which the thermal 
conditions of the earth's surface can best be represented 
for the use of eographeru, and the different attempts I 
have made to 3 o this, which I wish criticized. In  what 
follom I assume the temperature data are the most reli- 
able available, and that the ordinary precautions have 
been taken in dealing with them. 

If we start with the ordinary isothernial maps of the 
world, we have in Dr. Buchan's maps in tshe '' ChZZmger 
Report" the one consistent set of maps which shows the 
distribution of temperature at  sea level for every month 
of the yea.r. There hare been newer maps showing the 
mean annual temperature for J d y  and . J anuq~ ,  but at  
the present time it mould take many months to make 
niaps more sat.isfrwt.ory thau the C!7inllrnge~ ones for the 
different nioiiths of the gear.' 

The o rd i~~ i~ ry  isothermal niilp con tniiis many lines 
which, from the point of view of the study of the hysics 
of the atmosphere, are c1esira1)le and essential; {ut for 

urposes it is iuxessnry to choose 
from t 9 iem t \ lose * w fll 'ch have the oreatest geographical 
significance.  or sim licity's sake P have chosen to t1ea.l 
a t  present with t.he Tines of Oo, loo? and 20' C!. (32O, 
50°, and G S O  F.). I have chosen 10" (50" F.) because 
that line roughly represents t.he average t,enipern.ture 
for the niont,h rluring which growth bec.onies active for 
most plants of econoniic iniport.ance in t,enipcrate regions. 
I have chosen the 30" (6s' F.) [line] hecause it. marks 
roughly on the world the boundary between regions where 
subtropiaal pror1uct.s can niatwc :i.nil those where they 
ca.n not. 

Taking those three isothernid lineo it is possible from 
the ordinary isothermal msp showing the mean annual 
teniperature to niakc n niap whic.11 shows temperature 
belts, but no ninp wllich merely shows the annual tem- 
perature is satisfact-ory. You are all familiar with the 
object.ions which are obvious on esamiiling figure l .3 On 
the west coast in our latitudes the mean aiinual tern era- 
ture is the mean of tenipernt,urrs which differ very h t l e  
from it, whereas on the east coast the sanie mean annual 
temperature is found in a region with very much colcler 
winters and hott-er sunmiem; conse uentJy, some seasonal 
isothermal line must be introduce x in any maps which 
show the thermal zoues. 

In fi ure 2 is w, reproduction 3 of Dr. Supan's mep in 

monthly isotherms taking the nican annurtl teniperature 
of 20° C for the coldest month. I also have published 
maps showin the thermal zones, usiw the lines of Oo, 
IO", POo C., f or the warmest and for &e coldest month 
(fig. 3). This niap is made by super osiiig the Jmiiarv 
ant1 July isothermal niaps showing t K e isotherms of O', 
IO", 30" C. reduced to sea level. 

eogrct )liicd 

which a e combines mean annual isotherms and mettn 

1 hbstrsrt 01 a paper prCseiitrd at s meeting 01 the Rrsesmh Dcpirtmrnt, Dec. 

h e p r ~ n l e d f r o a  The Geogrsphicsl Joornd. London. Novemlwr, 1912, 40, p. 515-532. * See Bartholomew's Atlas: Meteorology Phto a.-[c. A.. jr.] 
a This and other 5pes of the original piblkhed paper are not reproduced here. The 

ma s referred to as figure 1" and "figure 2" are to be Iound in Bartholomew's Phys- 
idAtlas:  MeIeewolf$y Plate 1, Inserts "Mean annual temperature." and "Tempera- 
ture -:' respectivefy.-[c. A., 1r.l 
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